The offset between the center lines of the polished end-face and the fiber core has a significant effect on coupling efficiency. The initial contact point and the contact force are two of the most important parameters that induce the offset. This study proposes an image assistant method to find the initial contact point and a mathematical model to estimate the contact force when fabricating the double-variable-curvature end-face of single mode glass fiber. The repeatability of finding the initial contact point via the vision assistant program is 0.3 m. Based on the assumption of a large deflection, a mathematical model is developed to study the relationship between the contact force and the displacement of the lapping film. In order to verify the feasibility of the mathematical model, experiments, as well as DEFORM simulations, are carried out. The results show that the contact forces are alomst linearly proportional to the feed amounts of the lapping film and the errors are less than 9%. By using the method developed in this study, the offset between the grinding end-face and the center line of the fiber core is within 0.15 to 0.35 m.
Introduction
A microlens improves the mode match between the laser source and single mode fiber by fabricating the tip of the single mode fiber as the microlens to allow for a direct coupling. The offset between the fiber center line and the microlens significantly affects the coupling efficiency. The coupling efficiency will drop 50% if the offset is more than 0.6 m on the horizontal axis [1] . There are three important factors to consider in reducing the offset of the asymmetric microlens.
One is the quality of the broken edge of the optical fiber [2] , the second is the initial contact point between the optical fiber and the lapping film [3] , and the third is the control of the contact force between the optical fiber and the lapping film [3, 4] .
The broken edge of the optical fiber will affect the offset if there is an angle between the normal of the broken edge and the center line of the optical fiber. The offset occurs when the material removal rate changes at a different spinning angle while the optical fiber is spinning. Normally, the initial contact point between the optical fiber and the lapping film is manually judged, and when a high material removal rate occurs it causes an undercut, which leads to the offset. The control of the contact force between the optical fiber and the lapping film affects the offset and profile of the end-face of the optical fiber at the same time. To improve coupling efficiency, the lens radius of the curvature on the vertical axis should be near 3 m, the horizontal axis should be more than 25 m, and the lapping tilt angle should be 45 ∘ [5] . In this study, a mathematical model via the vision assistant method is presented. The determination of the original contact point will avoid an undercut, and the control of the contact force will keep a better profile on the end-face of the optical fiber.
Determination of the Initial Contact Point
Normally, the initial contact point between the optical fiber and the lapping film is manually determined. The optical fiber is slowly moved down toward the lapping film, and the initial contact point is determined when the operator finds the optical fiber is touching the turning lapping film and 2 Advances in Materials Science and Engineering some chips are observed. However, this method needs skillful operators and the repeatability is not easy to control.
Tseng et al. [3] developed an online force sensor to automatically control the wedge-shaped end-face of the optical fiber polishing process, as shown in Figure 1 . The offset between the fiber cladding and the fiber core is less than 1.5 m.
In the present study, the vision recognition method was used to help find the initial contact point between the optical fiber and the lapping film. From Figure 2 , some features can be noted and described as follows.
(i) The edge of the lapping film is not easy to observe in the image. (ii) The lapping film may not be perfectly horizontal. (iii) A reflection image of the optical fiber is shown in the image.
Finding the initial contact point between the fiber and the lapping film requires finding the lapping film and the end point of the edge of the optical fiber. Once this is done, the initial contact point and the distance between the optical fiber and the lapping film can be determined as shown in Figure 2 . Figure 3 , in drawing a line from the background to the optical fiber, there is a grey level intensity drop between the optical fiber and the background. By drawing several lines, the coordinates of the edge points are found and the least squares method is used to calculate the equation of the edge. In this way, all four edges of the optical fiber and the reflection image are found, as shown in Figure 3 . The equations for all four edges are shown in (1) to (4), respectively:
Finding the Equations of the Edges of the Optical Fiber and Reflection Image. As shown in
:
where = 1, 2, 3, and 4.
Finding the Lapping Film.
There are two methods for finding the line of the lapping film: the two-point method and the angular bisector method. Both methods are described below.
Two-Point
Method. From Figure 3 , lines 1 and 3 intersect at point 1 . The coordinates of point 1 are shown in ) .
From (2) and (3), the lapping film equation can be derived, as shown in 
Angular Bisector Method.
Since the lapping film plays the role of a mirror, the slope of the lapping film should be equal to half of the sum of the slopes of lines 1 and 3 , as shown in
From (2) and (5), the lapping film equation can be derived, as shown in
Once the location of the lapping film is found, it is important to note if the lapping film is horizontal enough. If the lapping film is not perpendicular to the vertical displacement axis, axis, the contact force might be different from that expected and so affect the material removal rate.
Find the End Point of the Edges of the Optical Fiber and
Reflection Image. A line drawn through the edge of optical fiber 1 to intersection point 1 shows there is a grey level intensity drop between the optical fiber and the background. The coordinates of the end point of the edge of the optical fiber, 1 ( of the lapping film, lf + lf + lf = 0, are found. The contact points and distances are determined as follows:
Mathematical Model of the Contact Force
The polishing mechanism of the glass was widely discussed [4, 6, 7] . In this study, the Preston equation [4] was used as the governing equation for the polishing operation. The material removal rate (MRR) can be expressed as follows:
where is the Preston coefficient ( m 2 /mN ), is the thickness removal rate ( m/s), is the contact force (mN), is the polishing area ( m 2 ), and is the polishing velocity ( m/s).
Since the Preston equation is derived from plate glass polishing, (8) should be modified if the polishing area varies with time. Since = , the MRR is modified as follows:
where is the volume removal rate ( m 3 /s). From (9), the volume removal rate is proportional to polishing velocity and contact force . The polishing velocity is determined by setting the speed of the abrasive pad and work piece and is held constant during the polishing operation. The contact force is proportional to the displacement of the contact point. Once the displacement of the contact point is known, the contact force can be derived. The free body diagram of the optical fiber is shown in Figure 4 . Deflection is defined as positive if it is upward and the deflection angle is defined as positive if it is clockwise. The body weight of the optical fiber is neglected since the effect is quite small compared with the contact force. Figure 4 shows, the lapping film moves a distance, , upward in the coordinate system. The new positions of the contact points in the and coordinate systems are shown in (10) and (11), respectively:
Coordinate Transformation between XY and UV Coordinate Systems. As
where is the radius of the optical fiber, is the tilt angle, is the horizontal displacement of the contact point in the coordinate system, is the vertical displacement of the contact point in the coordinate system, and V are the coordinates of the end point of the neutral axis in the coordinate system, and 0 is the inclined angle of the end point of the neutral axis in the coordinate system. According to the coordinate transformation method, the relation of the contact point between the coordinates and coordinates is
From (12), the coordinate of the free end point of the neutral axis ( 0 , V 0 ) can be found. Then, the displacement of the free end point of the neutral axis can be calculated. The displacement of the free end point of the neutral axis is helpful in determining the contact force.
Large Deflection of Cantilever Beam under Concentrated
Load. From the large deflection of cantilever beam theory [8] , the relation between inclined angle and concentrated load is shown in Figure 5 :
The deflection of the cantilever beam can be calculated as follows:
= ( ) − ( , 1 ) ,
where is Young's modulus; is the second moment of area of the beam's cross section; 0 is the inclined angle of the free end point of the neutral axis; is the length of the cantilever beam; 0 is the coordinate of the free end point of the neutral axis in the axis; V 0 is the coordinate of the free end point of the neutral axis in the axis; and ( ), ( , 1 ), ( ), and ( , 1 ) are complete and incomplete elliptic integrals of the first and second kinds, respectively.
The displacement of the contact point in the coordinate system is observed from the vision image. The displacement of the free end point of the neutral axis in the coordinate system can be derived by using the golden section algorithm to find the minimization of
where
From (14) to (16), seven unknown variables, 0 , , , 1 , V 0 , 0 , and , will be solved. Since ⃗ + ⃗ = → + ⃗ , contact force can be derived from
where is equal to +1 or −1 depending on the direction of the polishing force, .
Experiment Results

Original Contact Point.
The third generation optical fiber polishing machine, developed by the authors, was used to evaluate the result of the original contact point, as shown in Figure 6 . A vision assistant program was developed by using LabView software to find the distance between the optical fiber and the lapping film, as shown in Figure 7 . The unit shown in Figure 7 is in pixels. The diameter of the optical fiber shown in Figure 7 is 164.5 pixels, corresponding to 125 m, and the distance variation between 1 and 3 is 0.3 pixels, corresponding to 0.23 m. A repeatability comparison between the two-point method and the angular bisector method was made. Table 1 shows the average results of the 30 experiments for each method. The variation ratio is defined as the percentage of the standard deviation divided by the average. As shown in Table 1 , all variation ratios of the angular bisector method were much better than those of the two-point method. The repeatability of the angular bisector method was also much better than that of the two-point method. The two-point method had a poorer performance as the image quality of the edge of the reflection image, 4 , was less clear.
An experiment was conducted for comparing the difference between manual judging and the vision assistant program. First, the lapping film was stuck on the turntable, Figure 6 : Photo of the 3rd generation optical fiber polishing machine. which was then turned. Then, an optical fiber with cladding and core only was prepared, and the prepared optical fiber was put into a spinning axis. Finally, the optical fiber was moved downward until it touched the turning lapping film, judged either manually or using the vision assistant program. As Figure 8 shows, manual judging resulted in a bigger undercut than that of using the vision assistant program.
Contact Force.
Since the contact force was only up to several grams, a low-friction measuring stand was developed, as shown in Figure 9 . A New Way air bushing was used to reduce the thrust load because the coefficient of friction of the air bushing was within 0.00001. An IMADA force gauge with accuracy up to 0.1 grams was used to measure the contact force. In addition to the experiments, a DEFORM simulation and mathematical model were used to compare the results.
The parameters were set to fit the conditions of the optical fiber polishing process. The length of the optical fiber was 1800 m, the cladding dimension of the optical fiber was 125 m, Young's modulus of the single mode glass fiber was 73 GPa, and the tensile strength was 350 MPa. Three tilt angles, 30
∘ , 45 ∘ , and 60 ∘ , were set to compare with the results. Solving (16) through the assistance of the vision image, the dimensionless positions of the contact point and neutral point were as shown in Figure 10 . The scales of the axis and axis are different in order to show the characteristics of the contact point and the neutral point. The trajectory of the contact point is a straight line because the contact point only slides on the lapping film. The trajectory of the neutral point is a curve because the motion of the neutral point is the combination of translation and rotation.
The comparison of the experiment, simulation, and mathematical model for the displacement of the contact point and the contact force is shown in Figure 11 . The contact forces for the experiments were linear, except for the last two sets of data of the 60 ∘ tilt angle. The reason for this was that the contact force became too large, which induced large friction force which prevented the movement of the optical fiber or even the breaking of the optical fiber. Thus, the last two sets of data of the 60 ∘ tilt angle became nonlinear and then the fiber was broken. The data of the experiments were very close to the data of the DEFORM simulations. The contact force was proportional to the angle for the same displacement of the contact point, which meant that the greater the tilt angle, the higher the material removal rate.
The errors of contact force between the mathematical models and experiments were 5.3%, 7.0%, and 9.0% for tilt angles of 30 ∘ , 45 ∘ , and 60 ∘ , respectively, as shown in Table 2 . The errors of the mathematical models were caused by the friction force. Normally there were three friction forces exerted on the contact point of the optical fiber, which would enlarge the contact force. In this study, the mathematical model simplified the friction force as one friction force in plane, which would underestimate the amount of contact force and cause the errors.
As shown in Figure 11 , the contact force increased linearly at each tilt angle, 30 ∘ , 45 ∘ , and 60 ∘ . The material removal rate was proportional to the contact force from (12) and proportional to the displacement of the axis. 4 : 6 : 13, as shown in Table 2 . The profile of the end-face could be easily determined since the MRR was proportional to the displacement of the axis. To improve coupling efficiency, the lens curvature radius in the major axis, Rlx, was set as 30 m, the lens curvature radius in the minor axis, Rly, was set as 3 m, and the lapping tilt angle was set as 45 ∘ . Using the vision assistant, the offset between the polishing end-face in the minor axis and the center line of the fiber core was controlled to within 0.4 m, as shown in Figure 12 .
Conclusions
In this study, the image assistant method was successfully applied to find the initial contact point and to estimate the contact force when fabricating the elliptical end-face of glass fiber. A vision assistant program was built to find the initial contact point to avoid the undercut and to reduce the offset between the fiber core and the end-face. Further, a mathematical model was developed to describe the relationship between the contact force and the displacement of the lapping film and to assist in determining the feed amount of the lapping film. The main results can be summarized as follows.
(i) The vision assistant program showed that the repeatability of the distance between the optical fiber and the lapping film was 0.39 pixels, which corresponds to 0.3 m. The vision assistant program also helped verify whether the lapping film was horizontal enough to cause a negative effect. The contact experiments demonstrated that this program would avoid undercutting more effectively than manual judging. (ii) According to the mathematical model, the relationship between the contact force and the displacement of the lapping film, axis, was linear. When compared with the results of the mathematical model, both experiments and DEFORM simulations showed the same tendency. Considering the mathematical model as the reference, the errors between the mathematical models and the experiments were 5.3%, 
